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The effect of age on the structural and functional response to unilateral nephrec-
tomy was studied in weanling (group I) and young adult (group II) rats. Although
compensatory growth in group I was not significantly greater than in group II one
week following surgery (44% vs 39%, p - NS), after 4 wk renal mass had increased
144% in group I and 66% in group Il (p < .0001). Glomerular filtration rate per
unit kidney mass at 1 wk post surgery was 875 ± 92 (mean ± SEM) td/min/gKW)
in group I and 1132 ± 67 in group II (p-NS) and at 4 wk was 1176 ± 67 in
group I and 1261 ± 67 in group II (p - NS). These data indicate that the magnitude
of compensatory growth in immature rats is greater than in adults and that functional
adaptation parallels the struictulral change.
INTRODUCTION
It is well known that following removal of one kidney, the remaining kidney
undergoes a rapid and marked increase in both size and function. Although earlier
studies have suggested that this adaptive response is age dependent, there is no
evidence to show that the change in renal function is greater in young immature
animals than in adults. The present study, therefore, was explicity performed to
compare the effect of unilateral nephrectomy in young immature to adult animals.
Since both the rate of change as well as the final response was of interest, an anal-
ysis of compensatory growth and the functional response to unilateral nephrectomy
was made one week after surgery, during the period of rapid adaptation, and after
one month when changes were presumably complete.
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METHODS
Studies were carried out in two groups of male albino Spargue-Dawley rats
(Charles River Breeding Laboratories, Wilmington, Ma). Throughout the study,
animals were allowed free access to standard Purina rat pellet diet and tap water.
The first group consisted of 29 weanling animals weighing initially between 50
and 80 g and the second group of 32 young adult rats weighing initially between
155 and 210 g. The two age groups were divided into experimental and control
groups. Under light ether anesthesia, experimental animals underwent a right
nephrectomy through a flank incision. After dissection of perirenal fat and other
extrarenal tissue, the kidney was lightly blotted and placed in a tared sealed weigh-
ing bottle to determine wet kidney weight (KW). Control animals were subjected
to a sham operation. Experimental and control animals were further sub-divided
into groups in which clearance studies were conducted at 1 wk and 4 wks after
surgery.
For clearance studies, animals were weighed and anesthetized withInactin (Pro-
monta/Hamburg) in a dose of approximately100 mg/kg, intraperitoneally. Trache-
ostomy was performed and animals were placed on a heated board. Rectal temper-
atures were monitored by a telethermometer (Yellow Springs Instruments Model
43TA) and were maintained between 36.5 and 38.5°C. PR-50 polyethylene cath-
eters were placed into the left external jugular vein and into the bladder through
midline incisions. Prior to the administration of priming solutions, NaCl 0.15M,
in a volume equal to one precent of body weight (BW), was given intravenously
over a 5 min period as a standard replacement of surgical losses. An intravenous
priming dose of "'C inulin (New England Nuclear Corp.) was administered rapidly
and followed by a sustaining infusion delivered by a constant infusion pump (Har-
vard Apparatus Co., model 975). The weanling animals received a priming dose
of 3.0 AC as 0.06 ml of a 50 IAC 14C inulin/ml solution and a sustaining infusion
of 7.5 [IC 1"C inulin in 1.2 ml normal saline/hr. Adult animals received a priming
dose of 3.5 [kC as 0.08 ml of a 50 uC 1'C inulin/ml solution and a maintenance
infusion of 10 uC in 1.2 ml normal saline/hr. After a 30 min equilibration period,
two consecutive 30 min urine collections were obtained under mineral oil. Tail
vein blood samples were collected in heparinized capillary tubes at the beginning
and end of each urine collection period, promptly centrifuged and the plasma sep-
arated. Animals were then sacrificed and the left kidney was removed to determine
wet weight as previously described.
Urine volumes were measured in 100 /Al capillary pipets. For the determination
of inulin concentration, 20 pl aliquots of plasma and 1 Adl aliquots of urine in dupli-
cate were counted in 10 ml Aquasol (New England Nuclear Corp.) in a Packard
Tri-Carb liquid scintillation spectrometer, Model 3320. Kidneys were weighed using
a Sartorius analytical balance.
Inulin clearance (Ci,,) was calculated from the equation Ci,, = UV/P in which
U and P are the urine and plasma concentrations in inulin in counts per minute
per microliter and V is urine flow rate in microliters per minute. Plasma inulin
was taken as the mean of the initial and final values obtained for each urine collec-
tion period.
In order to determine the absolute and relative change in KW from the time
of uninephrectomy or sham surgery to the final clearance study, the initial left KW
in experimental animals was assumed to be equal to the weight of the excised right
219GALLA, KLEIN-ROBBENHAAR AND HAYSLETT
kidney. For control animals, the initial left KW was assumed to be equal to the
mean weight of the excised right kidney of the experimental animals-initial ex-
perimental and control mean BW being approximately equal in all groups. The
validity of this assumption was demonstrated in a previous analysis from our
laboratory which showed neither a statistical difference in weight between right
and left kidney of the same animal nor a difference in KW between animals of
approximately equal BW (12). The absolute change (AKW) was estimated as the
difference between final and initial KW and relative change (%AKW) as that differ-
ence divided by initial KW. To estimate the absolute increment in KW due to the
adaptive response to uninephrectomy, the observed increase in KW of control ani-
mals-due solely to normal growth-was subtracted from the observed increase
in experimental animals-due to both normal and compensatory growth:
AKW (Compensatory) = AKW (Exp) - AKW (Cont)
-the assumption being that normal growth was similar in both groups. Relative-
change was calculated from a similar expression:
%AKW (Compensatory) = %AKW (Exp) - %AKW (Cont).
The statistical significance between experimental and control groups was deter-
mined using standard statistical methods and Student's t test (22). For all kidney
weights, the F test for homogeneity of variance failed to detect significant differ-
ences among the groups (F.,ax = 10.53) permitting the use of a pooled estimate
of variance (Sp (80) = 0.102). This estimate was used in testing the significance
of the differences in the compensatory increase in renal mass between weanlings
and young adults shown in Table 2.
RESULTS
Change in body weight of control and experimental animals. The rate of com-
pensatory as well as normal renal growth is influenced by caloric and nitrogen
intake (8, 14, 18, 19). As shown in Table 1 and Fig. 1, the mean initial, final
and change in body weight which reflects caloric and nitrogen intake of experi-
mental groups were nearly identical to control animals. Moreover, from inspection
of Fig. 1 it is evident that weight gain of experimental and control animals was
similar during the first week, as well as during the 4 wk after surgery.
Influence of age on compensatory renal growth after removal of one kidney.
Removal of one kidney resulted in the expected compensatory growth of the re-
maining kidney in experimental animals as shown in Fig. 2. Though a greater
change in compensatory growth was found in animals operated upon during the
weanling period compared to adult rats, this difference was observed only after
the period of initial rapid growth. Comparison of the weight of the hypertrophied
kidney to kidney weight in sham operated control rats demonstrated a 30 and a
35% difference in weanling and adult animals, respectively, 1 wk after surgery.
One month after operation, the differences were 51 and 42% in the same groups,
respectively.
The striking capacity for compensatory renal growth in young immature rats
was evident from inspection of absolute changes in renal mass as shown in Fig.
3A. At the time of surgery the initial kidney weight was 0.38 ± 0.02 g (mean
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FIG. 1. The change in body weight 1 and 4 wk after surgery in weanling and adult rats.
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FIG. 2. The initial and final kidney weight in weanling and adult rats.
±SE) in weanling rats and 0.83 0.03 g in adults. Although the absolute change
in mass due to hypertrophy in the experimental kidney, AKW (Compensatory), 1
wk after nephrectomy was greater in adult animals (0.32 + 0.05 g) than in wean-
lings (0.17 0.05 g) (P < 0.05), absolute change in mass due to hypertrophy
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Comparison of the relative change in renal mass (experimental kidney vs con-
trol), %zKW (Compensatory), between weanling and adult animals was also
made to determine whether compensatory growth was greater in immature animals.
As illustrated in Fig. 3B, the hypertrophied kidney grew 44% more than control
in weanling rats and 39% in adults during the first week post-operatively. This
difference was not significant (Table 2). During the subsequent 3 wk, however,
a markedly greater response was found in immature animals. One month after
surgery the percent change in renal mass due to compensatory growth was 144%
in weanling rats compared to 66% in the adult group (P < 0.0001).
Influence of age on functional adaptation after removal of one kidney. In order
to determine whether the functional adaptation after parital ablation of renal mass
was greater in immature animals the glomerular filtration rate per unit kidney mass
(C1n/KW, 1Al/min/g KW) in immature animals was compared to adult rats. When
expressed in this way there was no difference in renal function 1 wk or 4 wk after
surgery between immature and adult animals. As shown in Table 1, the Cin/KW
was 975 ± 92 (mean ±SE) weanling, and 1132 +H 67, adults, 1 wk after surgery
(P not significant) and 1176 + 67, weanling, and 1261 ± 71, adults, 4 wk after
operation (P not significant). These data indicate that the functional response oc-
curs pani passu with the change in mass and is therefore greater when surgical
ablation is performed in immature animals.
DISCUSSION
Previous studies have shown that after removal of one kidney in adult rats the
remaining kidney increases approximately 40% in mass and 60-70% in function
(1, 5, 10, 13, 20). This response occurs rapidly following surgery and is complete
within 3-4 wk (11, 13). Earlier workers suggested that the capacity for compen-
satory growth is greater in young, sexually immature animals than in adults, and
is probably attenuated with advanced age (3, 4, 6, 9, 10, 15). These reports were
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TABLE 2
COMPARISON OF THIE COMPIN'SAN.TORY INCREASE, IN RENAL MTASS BE,TWvEEN
MVE,ANLING ANI) AD)l'LT ANIn.\LS (D)F = 80)a
M1ean (lifierence + 1 S.l'.
Weanlinigs 1 wk Younig aLillts 1 wk t P
Absolute clianige 0.17 0 .3 -Q. 04 <.05
AKW (Compensatory) g + 0( .05 ± 0 05
Relative chanige 44 5 39). 1 0.40 NS
%AKWV (Colmpensatory) ± 11 + 5.!)
AZWeainigs 4 wk Yotllng adults 4 w.-k
Ab)solute chianige 0.57 0.58 -0.08 NS
AKW (Compensatory) g + 0 05 + 0. 05
Relative cliange 144.1 655.6 4. -23 <.0001
%iAKW (Compensatory) + 18.1 +4 (0
a 1Eac(hJj Vailtle relreSen'tS tlle Illea diflerellce ± SE between tile experilllenital aii(i conitiol values
for weanilinig and(I ad3ult anlilmlals at 1 aIli 4 w-k after surgery.
largely based on a comparison of the rates of synthesis of DNA and RNA or the
final kidney weights of uninephrectomized and control animals and did not estimate
functional response. In a recent study Dicker and Shirley (6) estimated renal hy-
pertrophy in 5 day old rats and adult animals by comparing the weight of the
hypertrophied kidney to that of control sham-operated animals. They found that
from 9 days after the operation the magnitude of renal compensatory hypertrophy
was greater in young immature rats.
In the present study two age groups were examined to correspond to differences
in normal growth, characterized chiefly by hyperplasia in one and by hypertrophy
in the other. From studies of DNA, RNA and total protein content in normal rats
the growth cycle of the kidney has been divided into three phases (23). The first
phase of normal growth extends from birth to about the 14th day of life and is
characterized by similar increases in DNA and protein content, changes interpreted
as indicating rapid cell division of hyperplasia. in the second phase which begins
during the 3rd week and continues until the 40th day renal mass increases because
of hypertrophy and hyperplasia. Thereafter, total DNA content ceases to increase
while protein accretion continues. The third phase which persists during a greater
portion of adult life is, therefore, characterized by hypertrophy. Based upon this
information we can expect that when surgery was performed in the weanling group,
at 3-4 wk of age, normal renal growth was in large part due to hyperplasia. In
contrast, since descent of the testes occurs in the albino rat at approximately 42
days of age and a body weight of 120 g (2, 7), the adult group was studied when
sexually mature and at a time when normal renal growth was primarily due to
hypertrophy. It is important to note that this analysis was performed under condi-
tions in which the caloric, nitrogen and electrolyte intake of control and experi-
mental groups was similar, since these factors have been shown to influence both
normal and compensatory renal growth (8, 14, 18, 19).
It is apparent from the measured rates of renal growth in the remaining kidney
of experimental rats that the compensatory response was markedly greater in young
sexually immature animals than in adult rats. This difference in compensatory re-
sponse, however, was not found during the initial phase of rapid compensatory
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growth but was achieved by continued growth after the first week following surgery.
The remarkable response in compensatory growth achieved by the young animal
is illustrated by the similar absolute increase in renal mass due to hypertrophy
found 1 mo following surgery in both age groups, despite the difference in es imated
initial k.dney weight. It should be noted that the enhanced rate of compensatory
renal growth in weanling rats occurred in association with a greater rate of normal
growth. Renal mass in control animals increased 49 and 182% during the sub-
sequent 1 and 4 wk periods in the weanling groups compared to 12 and 54%,
respectively, in adult animals.
The demonstration that glomerular filtration rate per unit renal mass was similar
in both age groups at 1 and 4 wk after surgery indicates that mass and function
change pari passu and that the relative change in function after nephrectomy was
also greater in weanling rats than in adults. Ci,/KW in the experimental kidney
was increased 4 wk after surgery, compared to 1 wk, in both age groups. These
differences, however, were not significant.
Although previous reports have attempted to compare the compensatory re-
sponse after uninephrectomy in children to adults, it is not possible to conclude
that the adapted change in the young sexually immature child is similar to the
experimental animal since careful pre-surgical assessment of renal function was
not recorded and, in cases of Wilm's tumor, the remaining kidney was treated with
irradiation (16, 21). In a study of adult kidney donors for transplantation, exam-
ined on the average of 34 mo postnephrectomy, age at the time of surgery was
correlated with the change in renal function pre and post surgery (17). Although
a significant inverse correlation was found between age and increase in effective
renal plasma flow, a similar relationship was not found for glomerular filtration
rate. It should be possible to determine the age-related functional response to uni-
lateral nephrectomy in man in future studies through careful assessment of pre-
operative as well as post-operative values of renal function.
While these experiments demonstrate that the magnitude of the compensatory
response is age dependent the mechanism for this change remains unclear. In pre-
vious studies from this laboratory it was shown that compensatory renal hyper-
trophy is not dependent upon the amount of work performed by renal tubules,
reflected by the absolute sodium reabsorbed (24), but is stimulated in some way
by the amount of tissue ablated or destroyed by disease (12). The present data
suggests that the underlying type of normal growth is also an important deter-
minant. As in normal growth, compensatory renal growth in the weanling period
is characterized chiefly by hyperplasia and is greater than in the sexually mature
rat which responds primarily by hypertrophy (4, 10). It is of interest that, once
initiated, this greater response in weanling animals persisted into the hypertrophic
phase of normal growth.
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